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DISTRIBUTION OF NEUTRAL PROPELLANT FROM ELECTRIC
THRUSTERS ONTO SPACECRAFT COMPONENTS™
by Thaine W. Reynolds and Edward A. Richley

Lewis Research Center

SUMMARY

The problem of neutral propellant atom fluxes arriving at surfaces situated near the
exhaust of ion thrusters is considered. The problem is of interest because, for some
interplanetary missions, the combination of long thrusting times and low surfaces tem-
peratures allows ample opportunity for the buildup of an adsorbed layer of propellant.
Both the thermal and electrical behavior of solar panel arrays are affected by such a
layer. Even spacecraft component surfaces outside a line of sight to the thruster ex-
haust may receive propellant impingement through reflection or reevaporation from
line-of-sight surfaces.

Neutral mercury flux rates onto the solar panels of two different designs of proposed
Jupiter flyby probes were estimated to be in the range of 100 to 500 equivalent mono-
layers per day over portions of the panel closest to the thrusters. With these flux levels,
condensation of mercury can occur on the panels in the latter stages of the mission, spe-
cifically when the spacecraft is at a range of about 1.7 to 2.0 astronomical units. And,
as the mission proceeds, condensation can occur over portions of the panel which extend
outward away from the thruster.

The possible importance of solar panel temperature history is also described. It is
shown that an unplanned for, premature, cooling of the panel could upset the thermal
equilibrium sufficiently that propellant condensation can occur. The condensate might
reevaporate or condensation might then continue, depending on which surfaces were
affected.

*Portions of this report were presented at the AIAA Seventh Electric Propulsion
Conference, Williamsburg, Va., Mar. 3-5, 1969. (AIAA Paper No. 69-270.)



INTRODUCTION

In designing a solar-electric spacecraft, one area of concern is that of determining
the effects of the thruster propellant exhaust on various spacecraft components, such as
solar cell panels, power conditioning units, telemetry gear, or other instrumentation.
At first thought, it may appear that the problem is easily avoided by simply locating the
thrusters on the spacecraft so that the thruster exhaust has no direct line of sight to any
of the spacecraft components. However, constraints imposed by conventional packaging
and deployment methods may make this design approach impractical.

Exhausts from electrostatic thrusters consist of the highly energetic charged parti-
cles of the ion beam, lower energy charge-exchange ions, and low energy neutral parti-
cles (fig. 1). The latter are the result of thruster inefficiencies. Each type of thruster
propellant efflux presents a different interaction problem potential.

To date only a few studies dealing with expected impingement rates of propellant
upon surfaces of a spacecraft have appeared in the literature. Backflow from high pres-
sure gaseous jet exhausts has been considered (refs. 1 and 2). The potential impinge-
ment problem with respect to ion beams has been recognized (refs. 3 and 4). The spe-
cific effects of such impingement rates on particular surfaces is the subject of other
investigations (ref. 4). Finally, experimental determination of the possible effects of
mercury contamination on clean surfaces is planned for a forthcoming SERT flight
(ref. 5).

The high energy primary exhaust particles are capable of causing severe erosion of
objects in their path. Clearly, this type of encounter must be avoided. Fortunately, in
most electric thruster types, the high energy exhaust particles are reasonably well col-
limated. For example, it has been determined from a study of exhaust beam profile
maps from several mercury ion thrusters at the Lewis Research Center that over
96 percent of the primary ion beam is confined within a beam spreading half-angle of
20° (fig. 2). Thus, most interactions of this kind can be avoided by simply designing
the spacecraft to permit a clear exhaust area for the main beam over these spreading
angles.

Charge-excharge ions formed in the exhaust beam are not collimated, and impaction
on surrounding surfaces could be a problem. However, both the quantity and energy
levels are considerably less than those of the primary ions (ref. 3). The charge-
exchange ion flux is also much lower than the neutral mercury atom flux (ref. 3) and the
directional distribution is a complex function of the electric fields existing at the point of
creation.

Because of the magnitude of neutral efflux and the lack of collimation, neutral parti-
cle effluxes present a potentially serious problem. These particles leave the thruster
with essentially a cosine distribution (ref. 6); that is, particle flux in a given direction



is proportional to the cosine of the angle made with the beam axis. Some will arrive at
and become deposited on any component surface located downstream of the thruster ex-
haust plane. Furthermore, these particles will also be reflected or desorbed from such
downstream surfaces and some may arrive at spacecraft component surfaces upstream
of the thruster exhaust plane - surfaces that are otherwise free from any primary parti-
cle impingement.

If under the thermal conditions of the surface, the arrival (or condensation) rates
exceed the possible desorption rates, component performance might be seriously af-
fected by cumulative propellant deposits. For example, metallic propellants such as
cesium, mercury, or lithium may result in degradation of performance of solar cell
arrays due to effects on optical properties or electrical failures. If rapid chemical re-
action between the propellant and surface is possible, deleterious effects might occur
even without cumulative condensation. It is possible that monolayer coverage of the pro-
pellant gas on the surface may be reached relatively quickly, but subsequent layers will
not build up. It is therefore of some consequence to know whether the phenomenon asso-
ciated with the adsorbing species and a particular surface is of importance at monolayer
concentrations. Many surface properties, such as work function, ion emission rate,
surface diffusion, catalytic reactions, and electrical conductivity, to name a few, are
strongly affected by such low-level concentrations. Other properties, such as light
transmission or thermal emittance also may be affected at low-level surface concentra-
tions.

Each design of a spacecraft requires a specific calculation of the possible propellant
impingement rates. However, some simple general calculations will show whether the
magnitude of the impingement is sufficient to warrant more detailed consideration.
Similarly, the relations involved in the determination of surface coverage are relatively
simple and general calculations involving these parameters may be made. Detailed cal-
culations pertaining to a particular application, thus, may not be necessary.

With these thoughts in mind, this report presents:

(1) General calculations of particle arrival rates at planes located downstream of a

source

(2) Calculations of reflected or reevaporated particle flux back toward the source

(or thruster) plane

(3) Desorption rates of adsorbed gas layers in terms of desorption energies and sur-

face temperatures

(4) An illustration of applications of the general calculations to two different configu-

rations of proposed Jupiter flyby probe designs (refs. 7 and 8)




ANALYSIS

The process of condensate formation on a surface is a competition between the rate
at which particles arrive and stick, and the rate at which they can leave the surface;

that is,

do

_ = “'S -V
dt d
where
o surface concentration of adsorbed species
i} arrival rate
S sticking coefficient
Y4 desorption rate

(All symbols are defined in appendix A.)
The arrival rate pu depends on the strength of the source of particles, the distance

of the surface from the source, and on the orientation of the surface with respect to the
direction of the incoming particles. Arrival rates thus depend on geometric relations
as well as the factors governing the strength of the source of particle emission. In the
flux calculations herein, free-molecule flow conditions are assumed to prevail. The
sticking coefficient is assumed to be 1 for convenience. However, for any situation
where it is not 1, it may be easily carried along in the calculations.

The desorption rate v d depends most strongly on the temperature of the surface
and the desorption energy - the strength of the bond between the adsorbed particles and
the surface. If the "'surface’’ happens to be the same material as the adsorbing gas, the
desorption energy is simply the sublimation energy. The desorption energy of a gas
from a surface other than itself may be considerably different from the sublimation en-

ergy of the gas,.

Arrival Rates

The coordinate system that is used in this analysis is shown in figure 3. In general,
the particle source may be located arbitrarily at point (a, b, c). The primary surface of
interest on which particles may condense is located downstream of the exit plane of the
thrusters. Arrival flux is calculated at a general point (%, y, z) in this plane. Surfaces
upstream of the exit plane of the thruster may also be impinged on, and these surfaces
will be referred to as secondary surfaces.
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Primary surfaces. - The ratio of the arrival rate u at a surface to the emission

rate v from a point source emitting diffusely under conditions of free-molecule flow is
given by (ref. 9):

COS Oll CcOoS az

l2

e (1)
14

All length variables herein are dimensionless ratios with respect to the thruster radius.
Otherwise, any consistent set of units may be used. Equation (1) is a point source rela-
tion. However, it is readily shown that it yields fluxes that are within 5 percent of the
more exact disk source relation at locations as close as 5 source radii away (ref. 10).

In view of the uncertainty of the orientation of the primary deposition plane for any
specific configuration, one may first calculate a maximum arrival rate at a point (x,y, z).
This would be the case for a surface oriented normal to the direction of particle flow
(i.e., cos 0y = 1.0). Some typical values of the maximum expected flux ratios, calcu-
lated from equation (1), are shown in figure 4 for varying distances { and angles a.
Notice that even for an ay of 850, the magnitude of the pu/v ratio is greater than
107 for distances up to 100, and at ¢ = 100, the u/v ratio for oy = 85° is only one
order of magnitude less than the value for oy = 0°. The value of 10"5
later to represent a significant neutral flux. Of course, if there is more than one source
of particle flux to a particular surface (i.e., more than one thruster), values of u from

will be shown

each must be determined and the values summed. The u/v values from figure 4 cannot
be summed directly unless the source emission rates are all equal. Under the assump-
tions of free-molecule flow, no interaction between the neutral effluxes from the separate
sources would be anticipated.

If, by means of the preceding calculation procedure, the maximum expected arrival
rate at any point in question on the spacecraft is clearly too small to be of consequence
to the particular spacecraft design, a more accurate calculation of the flux ratio is un-
necessary. If, on the other hand, additional calculations are indicated because of the
magnitudes being significant, the additional geometric factor cos a, for the specific
orientation must be calculated for each thruster and applied to the values in figure 4.
This will be done for the illustrative problem presented later,

Secondary surfaces. - The values of return flux ratios can be estimated using a co-

ordinate system comparable to figure 3. As shown in figure 5, the secondary surface is
arbitrarily placed in the z-y plane and a point of interest is selected at (a',b',c'). The
ratio of the arrival rate at (a',b",c'), via (x,y,2z), to the source efflux at (a, b, c¢) is de-
rived through the product of the following readily obtainable ratios

] A 4
L=<ﬂ> v\ o 2)
v JAUVNAV



where

' particle flux to surface at (a’,b’,c')

v, flux leaving surface at (x,y, z)

If it is assumed that condensation on the (x,y, z) surface is not occurring, or that equi-
librium has been reached, all the flux that arrives there will leave (i.e., u = 0). In
this case, equation (2) becomes

L' _ CcOos al cos C!z cos C!3 COS 0!4 r2

(3)

The factor r2 appears in equation (3) because the "'view'' factor for the returning flux
ratio u'/ Yo must be based on the primary reflecting surface area, but the dimension-
less distances 7 and !' have been defined in terms of the source (thruster) radius.
Therefore, r is a radius of an emitting area on the primary surface, nondimensionalized
to the thruster radius.

As before, a maximum relative flux ratio from (x,y,z) to (a',b’,c') is obtained for
an (a',b’, ¢") orientation perpendicular to ' (i.e., when cos oy = 1.0). Calculation of
the flux ratio u'/v at some specific secondary surface location is illustrated by choosing
arbitrarily a point located back at the source center (Z = 7'). Return flux at this location
will be representative for surfaces near the thruster plane, but outside a region subject
to direct impingement. There will be a maximum back flux at that point for the condi-
tions cos @y = COS Qg = COS Oy = 1.0, so that the return flux ratio is simply

o cos ay 2

v l4

(4)

Some representative values of return flux ratios from equation (4) are shown in figure 6
for r =1, that is, for a reflecting area equal to the thruster area. Obviously, the re-
turn flux would be greater for larger primary reflecting surfaces.

Equation (4) differs from equation (1) simply by the factor rz/lz; however, it is in-
teresting to note that, even for an oy of 850, the magnitude of the return flux ratio is
greater than 10'5 for distances up to 10 thruster radii. Significant neutral flux is indi-
cated for this value of 10'5 as shown later. Again, if there is more than one thruster or
more than one reflecting surface (or a larger reflecting surface) that can contribute to
return flux, the values of p' must be determined for each and added to obtain the total,
true returning arrival rate. If this estimated maximum appears significant to the par-
ticular application, more refined calculations are indicated.




Desorption Rates

The desorption rate of particles from a surface, assuming desorption is first order
with respect to surface coverage, is described by the relation (ref. 11)

E
de_o_ exp |- des (5)
T kTS
where
Y4 desorption rate
o surface concentration
5 constant, 10713 sec

Edes desorption energy
k Boltzmann constant

T s surface temperature

Desorption rates for fractional monolayer coverages are discussed in reference 12. In
the present application, desorption rates for greater than monolayer coverage are of
primary concern, that is, for desorption of propellant from its own solid surface. The
value of Om (surface concentration for a monolayer coverage) for a material depends on
the crystal face involved (ref. 13). For a polycrystalline surface, the 2/3 root of the
number density of the solid can be used as a good approximation to the surface density

o 2/3 )
o == (6
m <M>
where
p density of solid
M weight of surface atom
Equation (5) thus reduces to
2/3 E
Vg = i L exp |- _des (M)
T \M kT
o s



Values of p/M and Edes (heat of sublimation in these cases (ref. 14)) for a num-
ber of materials are shown in table I and desorption rates calculated according to equa-
tion (7) are shown in figure 7. Data for a number of materials from table I are shown
therein also. Values of desorption rate of a material from figure 7 will be used in the
illustrative example presented later to compare with calculated arrival rates to deter-
mine whether condensation conditions exist at a particular surface.

DISCUSSION AND ILLUSTRATIVE PROBLEMS

The first assumption made here is that, as portrayed in figure 1, the spacecraft
configuration will at some time require the location of a surface downstream of the
plane of the thruster exhaust (otherwise no problem exists). The objective is to deter-
mine if the rate of propellant impingement onto primary surfaces is high enough to
create any problems on those surfaces, or on secondary surfaces which may be receiving
reflected propellant.

The neutral atom emission rate for an electric thruster is readily calculated from

vl f5) )
a\ 7 Aa\ 7

where

ion beam current density

J

g  electron charge

17 propellant utilization efficiency, fraction of total propellant flow which is ionized
I

ion beam current

At thruster area

Thus, for example, a bombardment thruster with a beam current of 30 amperes per
square meter and a utilization efficiency of 90 percent would have a neutral atom emis-
sion rate of n, = 2. 1><1015 atoms per square centimeter per second.

It can be noted, using figure 4, then, that arrival rates at 7 = 10, for example, may
be as high as 2. 1><1012 to 2. 1><1013 atoms per square centimeter per second. With mer-
cury as the propellant, this arrival flux represents possible condensation rates (depend-
ing on component temperatures) of 0.0017 to 0.017 monolayer per second, or from about
150 to 1500 monolayers per day. Not only is this situation a possibly troublesome one,
but also, with any sizable surface area so exposed to this neutral flux, the return flux to

areas behind the thruster plane could also be of concern. From figure 6, note that for
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the same distance, Z = 10, the return flux ratio is 107° to 1074,

flecting area only as large as the thruster area (i.e., r = 1), the possible return flux
rates from this distance would be equivalent to from 1.5 to 15 monolayers per day.
From larger reflecting areas, and with more than one thruster operating, this return
flux would be proportionately greater. More detailed calculations would be required de-

Thus, even from a re-

pending on the spacecraft design and mission profile.

Spacecraft Configurations

Two solar-electric spacecraft configurations, proposed for Jupiter flyby probes
(refs. 7 and 8), have been used to illustrate more specific calculations of the magnitudes
of direct propellant flux to primary surfaces and return propellant flux to secondary sur-
faces. These spacecraft designs were selected for comparison because they differ in
their orientation of the solar panel array with respect to the thruster locations. They
will, therefore, permit some comparison of the effect of solar-array - thruster orienta-
tion on the possible propellant flux problems.

The two configurations are shown schematically in figures 8 and 9. Hereinafter,
for convenience, they are referred to as JFB-1 and JFB-2, respectively. The JFB-1
spacecraft (fig. 8(a)) has solar panels that extend to about a 15-meter radius and which
can pivot about the z-axis. The panels can therefore extend out downstream of the
thruster plane at various rotation angles (fig. 8(b)). According to reference 7, the craft
would be used for a direct trajectory flyby and would have a total thrusting time of 470
days. Thrust would be obtained from four 2. 5-kilowatt mercury bombardment thrusters.

For the JFB-1 spacecraft, the mission profile discussed in reference 7 yields the
time variation of panel angle, range, and thruster propellant flow rate pertinent to this
discussion shown in figure 10. The total neutral mercury arrival rate at any location on
the solar panels for any time during the mission can be calculated through use of the
curves of figure 10 and equation (1).

The JFB-2 spacecraft (fig. 9) was suggested in reference 8 in an approach aimed at
simplification of electric spacecraft design. The design resulting from this study had a
fixed orientation of the thrusters relative to the solar panels and thus provided an inter-
esting and contrasting configuration for the present flux problem discussion. The di-
mensions used herein for calculation purposes are estimated values, based on the re-
quired solar panel area and the general orientation, as indicated in figure 9. Only the
portions of the solar panels which extend beyond the thruster exit plane are subject to
direct impingement of neutral flux from the thrusters. Figure 9(b) shows the details of
the configuration for this portion of the spacecraft. For purposes of calculation, the
thrusters and mission profile have been assumed to be identical in every respect to



those used for the JFB-1 design, except for their relative locations, as shown in fig-
ure 9(b).

Direct Flux to Solar Panels

Calculated values of the flux ratio /v (see appendix B) from four thrusters located
at (x,y,z) values of (0.61, +0.61, +0.61 m) are shown in figure 11 for the JFB-1 space-
craft. Various combinations of thruster locations were investigated. The one illustrated
here was selected as typical, there being no significant differences in conclusions ar-
rived at between any of the locations chosen. Results for three panel angles relative to
the y-z plane are given. The flux is shown along the diagonal axis and along the upper
and lower edges of the panel (see fig. 8). Because of the spacecraft configuration and
Sun orientation, at panel angles between 45° and 1350, the flux to the Sun side of the
panels comes from only two thrusters. At these angles, neutral efflux from the other
two thrusters impinges on the back side of the panel. By virtue of symmetry, arrival
rates on the Sun side at a given angle S are identical to those on the back side at an
angle 180° - .

For propellant flow rates encountered during the early stages of the mission, flux
rates of the order of 100 to 200 monolayers per day may strike the portions of the solar
array closest to the thrusters. At the extremities of the configuration, the flux rates
are considerably lower, around 1/2 to 1 monolayers per day.

For the JFB-2 configuration, because of the fixed relation of solar panel to thruster
location, the ratio of neutral flux arriving at any point on the solar panel to thruster
neutral efflux, remains fixed throughout the mission. The actual magnitude of flux, of
course, will decrease as propellant flow rate decreases during the mission. The direct
flux ratios and flux rates at the higher propellant flow rates are shown in figure 12. The
total flux rates, up to 500 monolayers per day on some portions and over 30 monolayers
per day over most of the array, are an order of magnitude higher than for the JFB-1 de-
sign because the array is closer to the thruster exhaust in this design.

Return Flux to Spacecraft

Return flux to points in a plane at x = 0 have been calculated for both configurations
(see appendix B). The contribution from all the solar panel area has been accounted for.
These calculated rates are shown in figures 13 and 14 for the JFB-1 and JFB-2 space-
craft, respectively.

Return flux ratios for the JFB-1 configuration reach values of about 3. 3><10—5,
equivalent to a neutral impingement rate of about 3. 8 monolayers per day, at some
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locations in the x = 0 plane. For the JFB-2 design, the return fluxes ranged beyond

25 monolayers per day at some locations in the x = 0 plane. Again, this latter configu-
ration has much higher flux values because the array is close to the plane in question,
and also because direct flux values on the array are higher.

As noted in the previous figures and discussion, the impingement rates are strongly
dependent on the distance of surfaces from the thrusters. But the point to be emphasized
is simply that, even outside the cone angle of the main ion beam, considerable propellant
atom flow can arrive at structural surfaces which lie downstream of the thruster exit
plane. Whether the magnitude of this arrival rate of propellant is sufficient to cause any
operational problems for that surface is another question. However, one can calculate
whether or not the propellant may condense and build up a covering layer on the panels.
To estimate this situation, it is necessary to consider the several factors controlling the
solar panel temperature; that is, the complete mission profile must be considered.

Condensation Possibilities

The equilibrium temperature of a panel at any location in space is calculated from a
radiation heat balance

Qg cOS ¥ 4
QE —-—2— = o(ef + eb)Tp (9)
R
or
QE cos ¥ o 1/4
Tp = (10)
R%c  \é * €p
where
QE solar constant
Qg solar absorptance of panel surface facing Sun
Y angle between surface normal and Sun line
distance from Sun
o] Stefan-Boltzmann constant

€5 € thermal emittance of front and back surfaces of panel, respectively

The values of €s and €p depend on the nature of the surface and whether or not it
has condensate on it. (Recent experimental investigations have been undertaken at the
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Lewis Research Center to determine values for o and ¢ for thin-film solar cells (refs.
15 and 16).) The equilibrium temperature T _ from equation (10) is plotted in figure 15
for a range of azf/(ef + eb) values, and for y = 0, that is, a surface normal to the Sun
line. If the thermal properties of the surface do not change, the surface temperature
falls inversely with the square root of the range. The solar panel temperature, neces-
sary to estimate possible desorption rates from the panel by equation (5) or (7), can be
obtained from figure 15. However, the /e ratio to use for determining the tempera-
ture will depend on whether condensation can occur, since, in general, the condensate
layer would be expected to have different thermal properties than the panel itself.

Some representative values of o and ¢ for clean surfaced solar cells (refs. 15
and 16) and for a mercury surface (refs. 4 and 17) are shown in table II, along with the
resulting values of ozf/ (¢ + €,) for the various possible combinations of surfaces.
Higher values of Otf/ (ef + eb) result in higher equilibrium temperatures (fig. 15) for any
given heat input rate. Those combinations which have a higher value of af/ (ef + eb) than
that of the clean panels will, then, be self-cleaning in a sense; that is, any tendency of a
deposit to form on surfaces in a way which would raise the af/(gf + eb) ratio would tend
to raise the panel temperature. The resulting increased desorption rate would then tend
to clean the panel of adsorbate. Such is the case in this illustration for mercury conden-
sation on the back surface of the solar panel only, or on both front and back surfaces si-
multaneously. However, an essentially indeterminate situation may result for the case
of mercury condensation on the front surface only. Because the resulting ratio of
ozf/(ef + eb) is lower for this condition than for a clean panel, the panel temperature for
a front-surface-coated panel would be lower than for a clean panel. One can see, there-
fore, that there may be conditions where, if a panel were covered with condensate, con-
densation could continue, whereas if the panel were clean its higher temperature might
prevent condensation. Therefore, it is clear that the actual equilibrium conditions of the
surface may depend on its previous history.

From a knowledge of the mercury arrival rate at a point on the panel and the de-
sorption rate curve for mercury (one condition is illustrated in fig. 7), one can deter-
mine an equilibrium temperature (i.e., a temperature where the adsorption rate and
desorption rate are equal). The equilibrium temperature-arrival rate relation for mer-
cury is plotted in figure 16 for a range of temperatures of interest to this discussion.

The equilibrium temperature levels calculated for the direct arrival rates at two
locations on the panels are shown in figure 17. The dashed lines are lines of constant
af/(ef + eb) for clean solar cells (upper band) and mercury-coated cells (lower line).

The clean panel temperature level is shown by a band reflecting the spread in experi-
mentally determined optical properties (table II). Whether condensation will occur on
the panel depends on the applicable value of Olf/(gf + eb). If the actual panel tempera-
ture is below the calculated temperature representing the equilibrium arrival rate, a
condensate layer can build up at that location on the panel.

12



The results shown in figure 17 should be interpreted in the following manner. If the
panel is clean (i.e., no mercury on it), condensation should not occur on the near por-
tions of the panel until the spacecraft is at about 2.5 to 2.7 astronomical units. Portions
of the panel farther from the thrusters, of course, will not be cool enough to condense
propellant until later in the mission. For example, the near edge of the wide panel sec-
tion would not reach condensation conditions until 2. 8 to 3.2 astronomical units, or very
near the end of the thrusting period of this mission.

For the JFB-2 spacecraft, as noted in figure 17(b), the higher fluxes result in con-
densation conditions being reached earlier in the assumed flight schedule at around 2. 25
to 2.5 astronomical units. Even the farther areas of the solar panel would encounter
condensing conditions by about 2.6 to 2. 8 astronomical units.

Actually, at about 1.9 to 2 astronomical units for JFB-1, and 1.7 to 1.9 astronom-
ical units for JFB-2, the flux levels and possible panel temperatures approach the con-
dition of indeterminacy mentioned previously. Without a condensate layer present, the
panel temperature would be expected to remain above the condensation level. However,
if the panel temperature should be somehow temporarily lowered below the condensation
temperature, due to misorientation for example (and permitting mercury to condense on
the Sun side of the panel), the resulting value of the parameter ozf/(gf + pb) would be
such as to keep the panel temperature below the condensation level and the condensate
layer would continue to grow. Thus, the importance of panel temperature history during
the mission is evident.

Figure 18 shows a situation similar to that described in figure 17 for return fluxes
arriving at an imaginary plane (x = 0) upstream of the thrusters. Figure 18(a) for the
JFB-1 design shows that condensation could occur at some point on the panel at temper-
atures below the values indicated by peak flux curve. It can be seen further from the
lower curve that condensation could occur somewhere in the region (y,z) = (6.1,6.1)
meters at temperatures of 165 to 185 K. The temperature levels shown by the o/¢
lines are for an assumed surface which sees the Sun directly. Of course, any surface
which is not so oriented, or receives no other source of heat, could easily be cool
enough to have mercury condense on it.

The JFB-2 configuration, with higher return flux values, also has a higher temper-
ature level below which condensation could occur, about 180 to 200 K. Most of the area
within a (y, z) range of (3, 3) meters has flux levels greater than 0.1 times the peak flux.

CONCLUDING REMARKS

Consideration of the neutral atom efflux to be expected from the thrusters on elec-
tric spacecraft has led to the following general conclusions:
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1. Estimates of probable maximum neutral propellant arrival rates on surfaces of
an electric spacecraft can be easily made using simplified molecular flow relations.

The magnitude of these probable maximum rates can be reviewed in consideration with
the planned mission profile to determine whether more detailed calculations are re-
quired.

2. For two missions studied, efflux rates at neutral particles were high enough and
interplanetary flight times long enough that considerable total propellant could impinge
on nearby spacecraft surfaces located downstream of the thruster exhaust plane.

3. Surfaces not in the line of sight of initial propellant atom trajectories may still
receive impingement through reflection or reevaporation from surfaces in the direct line
of sight of the thruster exhaust.

4. Mercury flux rates onto the solar panels of two proposed JFB spacecraft are such
that propellant condensation on the portion of the panels close to the thruster could occur
in the latter stages of the mission. Specifically, this situation occurs when the space-
craft is at about 1.7 to 2.0 astronomical units. In time, the portions over which conden-
sation can occur then extend outward away from the thrusters, up to and including the
most remote portions of the solar cell panels.

5. The example problems illustrated the importance of the solar panel temperature
history throughout the mission. It was shown that an unplanned premature cooling of the
panel could upset the thermal equilibrium of the situation sufficiently to cause unexpected
condensation to occur. The condensate might reevaporate or condensation might then
continue depending on which surfaces were affected.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, September 9, 1969,
120-26.
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APPENDIX A

SYMBOLS

[All equations in the text require linear dimension variables to be used as dimensionless
ratios to the thruster radius. Otherwise, any consistent set of units may be used. ]

Ap area of primary surface T radius of emitting area on pri-
At thruster area mary surface
a x-spacing of thruster (fig. 3) 8 sticking coefficient
ar x-coordinate point on secondary Tp equilibrium temperature of solar
surface (fig. 5) panel, K
b y-spacing of thruster (fig. 3) Ts surface temperature, K
b’ y-coordinate point on secondary t time, sec
surface (fig. 5) X general coordinate dimension
c z-spacing of thruster (fig. 3) (fig. 3 or 5)
c' z-coordinate point on secondary X coordinate on JFB-2 panel (fig.
surface (fig. 5) 9(b))
E,,, desorption energy y general coordinate (fig. 3 or 5)
I current Vi coordinate on JFB-2 panel (fig.
9(b))
J current density
Yo coordinate on JFB-1 panel at
k Boltzmann constant B =0 (eqs. (Bl) and (B2))
l distanc? from thruster t.o point v, coordinate on plane at x = 0 (fig.
on primary surface (figs. 3 9(b), egs. (B2) and (B4))
and 5)
Z general coordinate (fig. 3 or 5)
A distance from point on primary .
surface to point on secondary %o coordinate on .L'IFB-l panel at
surface (fig. 5) B =0 (egs. (B1) and (B2))
M weight of substrate atom z, coordinate on plane at x = 0 (fig.
9(b), egs. (B2) and (B4))
n, neutral atom emission rate
oy absorptance of Sun side of solar
QE solar constant at 1.0 AU array
q electron charge
R range; distance from Sun in AU
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16

angle between thruster plane
normal and line to point on
primary surface (fig. 3)

angle between primary surface
normal and line from thruster

(fig. 3)
angle between primary surface

normal and line to point on
secondary surface (fig. 5)

angle between secondary surface
normal and line to point on
primary surface (fig. 5)

angle of rotation of solar array
of JFB-1 spacecraft

angle between surface normal and
Sun line

thermal emittance of back surface
of solar panel

€f

A S S

thermal emittance of front (Sun
side) surface of solar panel

propellant utilization efficiency
arrival rate

arrival rate at secondary surface
leaving rate

desorption rate

leaving rate from primary surface
density of solid

surface concentration

surface concentration of a com-
plete monolayer

constant in desorption equation
(eq. (5), sec



APPENDIX B

DETAILS OF RELATIONS FOR FLUX CALCULATIONS

Direct flux values to the primary surface of the JFB-1 design were calculated from
the relation, for a single thruster,

ulyy» 25, B) _ (v, sin B - a)(a cos B - b sin B)

(B1)
v

\:(yo sin 8 - a)2 + (yO cos 8 - b)2 + (zo - 0)2]
where

Vo1 Zo coordinates of a point on the solar panelat 8=10
B rotation angle of solar panel

a,b,c  X,y,z locations, respectively, of thruster (four thrusters were accounted for:
(a’ ba C) = (2,:!:2,:}:2))

u neutral atom arrival rate at a surface

v neutral atom emission rate of source

The return flux values to the plane at x = 0 were determined from the relation

10,y,,2.) ¥, sin B(y,. sin B) 1(y 45 25 B)

= - : i 2
; T

2
Ap [(y0 sin B)2 + (yo cos 8 - yr)2 + (z0 - c)z:l

where

Y#» 2%,  coordinates of a point on the imaginary panel at x = 0

dAp differential area of solar panel

Direct flux values to the primary surface of the JFB-2 design were calculated from
the relation, for a single thruster,

17



H(Xi, yi) _ Yi(c)

e (B3)
v
2 2 2
(Xi +y; o+ zi)
where X;,y; are coordinates of a point on the solar panel (primary surface), Four
thrusters were accounted for at a=2, b=0, and c =2, 4, 6, and 8.

The return flux values to the plane at x = 0 were determined from the relation

©(0, Yo Z_I‘) _ Z . X3 L '“(Xiyi) dAp (B4)
v

2 v
2 2 2
Ap |iXi + (yi - yr) + Zr:'

The integration of equations (B2) and (B4) were done numerically. The contributions
of the two sections of the solar panels were accounted for by integrating equations (B2)
and (B4) for both positive and negative values of Y-

18
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TABLE 1. - PROPERTIES OF VARIOUS MATERIALS

Material

Aluminum
Cesium
Lithium
Magnesium
Mercury
Molybdenum
Nickel
Silver
Sodium
Tantalum
Tungsten
Uranium

Density to mass ratio,

p/M,
g-mol/cc

0.0997
.0141
.0770
L0714
.0701
. 1060
.1510
.0974
. 0422
.0893
. 1040
. 0795

Sublimation energy,| Monolayer surface

Edes’ concentration,

ev %m’
atoms/cm2

3.36 1.54x10'?
.81 .422

1.65 1.30

1.52 1.24
.63 1.22

6.87 1.61

4.43 2.04

2.96 1.52

1.13 .86

8.10 1.43

8.175 1.58

5.07 1.33

TABLE II. - OPTICAL PROPERTIES USED FOR CALCULATIONS

Mercury on solar panels

None
Front surface
Back surface

Both surfaces

Total hemispherical

emittance
Sun side, Back side,
Gf €b
0.89 to 0.93(0.93 to 0.96
0.10 .93t00.96
.89 to 0.93 0.10
0.10 .10

Solar absorptance,| Absorptance-
a emittance

ratio,
%

€5 + €y

0.72 to 0. 86 0.38 to 0.47

0.22 0.21
.72 to 0. 86 .82
0.22 1.1

21



22

T
gles
goseze
Low energy charge-exchange ’g"”’
ion§ gnd neutral propeliant """’
arriving at solar cell panel = "”"‘
/ ”ﬂ’

NAVANA
TR
NANANAVA AN

NAVAN
E
TR

AN\

A

NN
LW

—High energy
primary ion beam

o

CD-10576-28

Figure 1. - Solar-electric spacecraft.

100

S Spreading
Thruster angle
exit plane ~— |

40

Percent of total fon beam

20

Y A
0 10 2 30 40

Beam spreading angle, deg

Figure 2. - Summary of mercury ion beam
profile surveys. Data range covers
several thruster sizes and operating con-
ditions.



Primary
surface

Secondary
surface

.,
~-Surface
normal
Source or
thruster exit—

Beam direction
(x-direction)

X CD-10211-28

Figure 3. - Coordinate system schematic drawing with direct flux to surface,

Angle between thruster
ptane normal and line to
point on primary surface,
(]1,
deg

Arrival flux ratio, Wv

1 10 100 1000
Distance, 1

Figure 4. - Maximum expected arrival
rate on surface downstream of source.

23



24

Primary surface~_

~{a(x,y,2)
4
<—Secondary /—Surface normal
N surface 3
\(a‘ b, c") / a
2
\\
7 \
Q 7\
\
Surface normal-
<a b/'I' \~Source or thruster exit
//
{lon beam direction)
X CD-10212-28

Figure 5. - Coordination system schematic diagram with return flux.

Angle between thruster
plane normal and
line to point on

- rimary surface,
10 4r— b z

— I
L deg

3

= 10‘6.—

g

B

>

2 108—

j g

5

s

10710 I
1 10 100 1000

DISTANCE, 1

Figure 6, - Maximum expected
return rates to surfaces near
thruster exit plane,



Desorption rate, vy, particlesl(cmz)(sec)

Desorption energy, Eqes, €V

1022 —
10201
18—
10 Density to mass
1016 (— ratio,
14 it
10— ~0.15
1012 _ - - — — —
1010— :
108— |
|
106 [ |
104 — I
102 I I | :
Temperature, |
53— K 1000900 800 700 600
550
500
) V P.b 450
ok AL 400
|, ~.~Mg 350
= 300

~~In
250
iy / 200
150
0 10 20 30 40 50 60
/KT

Figure 7. - Desorption rate from monolayer or more con-
centration as function of temperature, energy, and
surface density.

25



9¢

~N

’

Reference
plane, x=0—

_ § __Joc
(@] Z
y
X
, .
> @
1 \\_ b
(a) View facing solar panel array. Array rofates about z-axis. (b) Coordinate system.

Figure 8. - JFB-I spacecraft schematic drawing.

(0, yo, ZO) 7

Beam direction

CD-10577-28




Sunlight

|

Antenna --

Q

Th rusters—" ‘

Exhaust 3
beam Solar panels--""<

(a} Overall view.

)

CD-10578-28

{b} Thrusters and solar panel area subject to neutral efflux.
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Figure 11, - Neutral mercury flux onto JFB-1 solar panels.
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